[1] Many orogenic belts experience alternations in shortening and extension (tectonic mode switches) during continuous plate convergence. The geodynamics of such alternations are not well understood. We present a record of Late Cretaceous to Eocene alternations of shortening and extension from the interior of the retroarc Sevier-Laramide orogen of the western United States. We integrate new Lu-Hf garnet geochronometry with revised PT paths utilizing differential thermobarometry combined with isochemical G-minimization plots, and monazite Th-Pb inclusion geochronometry to produce a well-constrained "M" shaped PTt path. Two burial events (86 and 65 Ma) are separated by $3 kbar of decompression. The first burial episode is Late Cretaceous, records a 2 kbar pressure increase at $515-550°C and is dated by a Lu-Hf garnet isochron age of 85.5 AE 1.9 Ma (2s); the second burial episode records $1 kbar of pressure increase at $585-615°C, and is dated by radially decreasing Th-Pb ages of monazite inclusions in garnet between $65 and 45 Ma. We propose a synconvergent lithospheric delamination cycle, superimposed on a dynamic orogenic wedge, as a viable mechanism. Wedge tapers may evolve from critical to subcritical (amplification), to supercritical (separation), and back to subcritical (re-equilibration) owing to elevation changes resulting from isostatic adjustments during the amplification and separation of Rayleigh-Taylor instabilities, and post-separation thermal and rheological re-equilibration. For the Sevier-Laramide hinterland, the sequence of Late Cretaceous delamination, low-angle subduction, and slab rollback/foundering during continued plate convergence explains the burial-exhumation-burial-exhumation record and the "M-shaped" PTt path. 
Introduction
[2] The widespread recognition of extension within orogenic belts at active and ancient convergent plate margins has shown that synconvergent extension is a common and important process during orogenesis [e.g., Dalmayrac and Molnar, 1981; Burchfiel and Royden, 1985; Wallis et al., 1993] . Extension commonly follows shortening in the terminal phase or late in orogenesis [e.g., Dewey, 1988; Vanderhaeghe and Teyssier, 2001] . In many cases, however, renewed shortening follows synconvergent extension, and complex deformation and metamorphic histories involving alternations in shortening/burial and extension/exhumation are increasingly recognized [e.g., Platt, 1986; Rawling and Lister, 1999; Collins, 2002] . Such alternations -elsewhere referred to as tectonic switching [Collins, 2002] , deformation mode switching [Beltrando et al., 2008] or tectonic mode switching [Lister et al., 2001] -challenge the simple model of an orogenic cycle that results in a clockwise PT path [England and Thompson, 1984] , characterized by shortening and tectonic burial, radiogenic heating, and extensional and erosional exhumation. The geodynamics of kinematic alternations, although a well-recognized phenomenon, are not well understood.
[3] Kinematic alternations in shortening and extension in the Lachlan orogen [Collins, 2002] , New Caledonia [Rawling and Lister, 1999] , western Alps [Beltrando et al., 2007] , and Aegean [Lister et al., 2001] have been interpreted as resulting from slab rollback (trench retreat) inducing extension in the overriding plate punctuated by episodes of shortening and lithospheric thickening. Shortening results from accretion and/or interactions between the overriding plate and embedded continental fragments and oceanic plateaus in the subducting oceanic lithosphere. In contrast, an episode of Late Cretaceous synconvergent extension, leading to a kinematic alternation of shortening-extension-shortening in the hinterland of the Sevier-Laramide orogenic belt [Wells, 1997; Hoisch et al., 2002] , has been interpreted to have occurred in the absence of slab rollback and to be triggered by lithospheric mantle delamination .
[4] The Sevier and Laramide orogens of the western United States (Figure 1 ) are Late Mesozoic to early Cenozoic retroarc belts of crustal shortening that are components of the larger Cordilleran orogen [e.g., Allmendinger, 1992; DeCelles, 2004] . Exposures of upper greenschist-to upper amphibolite-facies metamorphic rocks exhumed beneath low-angle normal faults in metamorphic core complexes (MCC) of the hinterland, such as the Raft River-AlbionGrouse Creek (RAG) MCC, provide windows into deep level tectonic processes of the Sevier-Laramide orogen. In the metamorphic infrastructure of the core complexes, it is common for the early shortening recorded in deformation fabrics and stratigraphic juxtapositions to be obscured by extensional flow fabrics [e.g., Camilleri, 1998; . This leaves the metamorphic record as the strongest evidence for large magnitude tectonic burial due to crustal shortening [Camilleri and Chamberlain, 1997; Lewis et al., 1999; McGrew et al., 2000; Harris et al., 2007] .
[5] The deformation and metamorphic history preserved in the RAG MCC has been interpreted to record alternating shortening and extension during Sevier orogenesis (Table 1 and Figure 2 ) [Wells, 1997; Hoisch et al., 2002; Harris et al., 2007] . The absolute timing of several of the shortening and extension events, however, has not been previously well determined. Here we present new Lu-Hf garnet geochronometry from middle to upper amphibolitefacies pelitic schist from which we have previously determined PT paths [Hoisch et al., 2002; Harris et al., 2007] . Additionally, we revise the PT paths through an integrated approach of differential thermobarometry (Gibbs method) and G-minimization. These new data are combined with previously published monazite Th-Pb inclusion geochronometry and field geologic observations [Wells, 1997; Wells et al., 1998 to provide a more complete history of Late Cretaceous to early Tertiary kinematic alternations in the hinterland of the Sevier-Laramide orogen. With the revised chronology, we evaluate the causes of tectonic mode switches in this non-collisional orogen. Building on the delamination model introduced by , we propose a more comprehensive geodynamic model of a synconvergent lithospheric delamination cycle, superimposed on a dynamic orogenic wedge, as a viable mechanism. As a part of the delamination cycle, we suggest that subsidence during growth of a Raleigh-Taylor instability in the mantle lithosphere, and its associated convergent flow, can induce renewed and focused shortening in the interior of orogenic wedges. As an alternative to episodic slab rollback, we propose that episodic delamination of the lower crust and/or mantle lithosphere in the arc and retroarc can lead to episodic extension during continued subduction. Such cyclic delamination has recently been proposed for Cordilleran orogenic Miller and Bradfish [1980] . Metamorphic core complexes (black fill) approximate axis of maximum crustal thickening. Leading edge of Sevier foldthrust belt shown, and fold-thrust uplifts of the Laramide Rocky Mountain foreland. Dashed line shows position of inferred segment boundary in Farallon slab between shallower angle (south) and steeper angle (north) subduction, after Saleeby [2003] . GV, Great Valley forearc basin; PR, Peninsular Ranges batholith; R, Raft River-Albion-Grouse Creek core complex; SN, Sierra Nevada batholith; LB, Luning-Fencemaker belt; CN, Central Nevada thrust belt; ES, East Sierran thrust system. (b) Simplified tectonic map of the Idaho-Utah-Wyoming sector of the Sevier fold thrust belt and its hinterland. Thrusts in thrust belt include A, Absaroka; C, Crawford; H, Hogsback; L, Laketown; MB, Medicine Butte; M, Meade; P, Paris; W, Willard. WC is Wasatch culmination, a basement-involved antiformal stack. GSL is Great Salt Lake. Arrows represent transport direction. Early Paleozoic shelf-slope break from Miller et al. [1991] . 
Geologic Setting of Sevier-Laramide Orogen
[6] Retroarc shortening during the Sevier and Laramide orogenies is generally attributed to Andean-style convergent tectonism during subduction of the Farallon plate beneath western North America [Jordan et al., 1983; DeCelles, 2004] . Subduction was continuous from the latest Jurassic until the late Oligocene to Miocene time-transgressive initiation of the San Andreas transform system [e.g., Atwater and Stock, 1998 ]. The orthogonal component of plate convergence increased during the Late Cretaceous -at the onset of the Laramide orogeny -broadly coincident with an increase in westward drift of the North American continent during rapid seafloor spreading in the North Atlantic [Engebretson et al., 1985; Müller et al., 1997] . Increasing plate convergence rates, decreasing age of subducted lithosphere, and subduction of an oceanic plateau are thought to have led to a shallowing of the Farallon slab, increased plate coupling, and enhanced shortening [Henderson et al., 1984; Severinghaus and Atwater, 1990; Barth and Schneiderman, 1996; Liu et al., 2010] . Many geologic observations in western North America are also consistent with Late Cretaceous shallowing of the subterranean Farallon slab in a NEtrending swath from southeastern California to Wyoming, and with the slab remaining shallow until the Early Eocene [Coney and Reynolds, 1977; Bird, 1984; Grove et al., 2003; Usui et al., 2003; Liu and Nummedal, 2004] . A marked decrease in plate convergence rate beginning in the Paleocene led to eventual cessation of Sevier and Laramide shortening [Engebretson et al., 1985; Constenius, 1996] .
[7] The Sevier-Laramide orogen comprises, from east to west, the Laramide foreland province, the Sevier fold and thrust belt, and the hinterland region. The Sevier fold and thrust belt, north of Las Vegas, Nevada, deforms passive margin sediments of the westward-thickening Cordilleran miogeocline and exhibits a classic thin-skinned structural style [e.g., Armstrong, 1968; Allmendinger, 1992; DeCelles and Coogan, 2006] , whereas the Laramide foreland province exhibits discontinuous fold-thrusts that deform Precambrian basement and its thin cratonal Phanerozoic cover [Allmendinger, 1992; Erslev, 1993] (Figure 1 ). Between the fold-thrust belt and the Mesozoic magmatic arc lies the hinterland region [Allmendinger, 1992] , wherein much of the record of Mesozoic shortening is obscured by Eocene to recent crustal extension and associated magmatism of the Basin and Range province [e.g., Wernicke, 1992; Dickinson, 2002] . Despite the structural and magmatic overprint, studies in the hinterland reveal belts of Mesozoic upper crustal shortening [Speed et al., 1988; Camilleri and Chamberlain, 1997; Taylor et al., 2000] . Additionally, a record of crustal shortening is preserved in isolated exposures of locally exhumed greenschist-and amphibolite-facies rocks of Cordilleran MCCs [Miller et al., 1988; McGrew et al., 2000; Harris et al., 2007] .
[8] Deformation within the Sevier orogen appears to have progressed in a forward propagating west to east sequence from Jurassic to early Eocene time [DeCelles, 2004] (Figure 2 ), although the age of inception of shortening remains controversial [e.g., Heller et al., 1986; DeCelles and Currie, 1996] . Out-of-sequence thrusting and folding is well documented in the foreland fold and thrust belt DeCelles, 2004] but more cryptic in the hinterland [Camilleri and Chamberlain, 1997;  this study] and resulted in shortening internal to the orogenic wedge ( Figure 2) . Balanced cross sections of the fold and thrust belt indicate the basal décollement to the Sevier orogen restores westward to at least the Utah-Nevada border (pre Basin-andRange extension) beneath Late Precambrian clastic sedimentary rocks of the Willard and equivalent thrust sheets [e.g., Royse et al., 1975; Allmendinger, 1992; DeCelles and Coogan, 2006] , and is inferred to ramp downward toward the west into Precambrian basement and root in either the lower crust or the asthenosphere beneath the Sierran magmatic arc [Ducea, 2001; DeCelles and Coogan, 2006; . During the Late Cretaceous to Eocene, the Sevier orogenic wedge may have been kinematically and dynamically linked with the Laramide foreland province through development of a mid-to lower-crustal décollement in the Laramide foreland, forming an integrated orogenic wedge [Livaccari, 1991; Erslev, 1993; DeCelles, 2004] . Existing data suggest that initial shortening may have propagated from west to east across the Laramide foreland province, although the timing of development of individual paired fold-thrust uplifts and basins remains imprecise [DeCelles, 2004, and references therein] .
[9] The RAG core complex straddles the area of northwest Utah and southern Idaho and preserves an exceptionally rich tectonic history by virtue of its large areal extent, and exposure of upper amphibolite-to lower greenschist-facies rocks in a tectonically collapsed crustal section. A greatly attenuated Archean through Triassic crustal section is exposed in numerous stacked extensional allochthons whose bounding low-angle faults exhibit younger-over-older stratigraphic juxtapositions (Figure 3 ). An exception to these relationships occurs in the northern Albion Mountains, where the BasinElba fault (Figure 3 ) -the only preserved thrust fault in the core complex -places a >3.5-km-thick inverted succession of Late Cambrian and Neoproterozoic quartzite and schist of the "quartzite assemblage" over the upright Archean to Ordovician strata of the Raft River Mountains sequence [Miller, 1980 [Miller, , 1983 . We have previously interpreted the deformation history preserved in the Raft River Mountains sequence to record alternations in shortening and extension (Table 1) [Wells, 1997; Wells et al., 1998 Hoisch et al., 2002; Harris et al., 2007] . Here we focus on the interval of time from Late Cretaceous to Eocene in which a structural sequence of shortening-extension-shortening-extension is documented (Table 1) .
Late Cretaceous to Eocene Kinematic Alternations
3.1. Petrologic Evidence for an "M-Shaped" PT Path
[10] Two earlier studies of the schist of Stevens Spring from the Basin Creek area of the northern Grouse Creek Mountains [Hoisch et al., 2002; Harris et al., 2007] determined a prograde pressure-temperature (PT) path consisting of the sequence burial-exhumation-burial. Here we recalculate the PT paths ( Figure 4 ) using a new approach that integrates Gibbs method calculations (program GIBBS described by Spear et al. [1991] , version of April 30, 2009) with the G-minimization approach of de Capitani and Petrakakis [2010] (programs THERIAK and DOMINO, version 01.08.09). Both GIBBS and THERIAK/DOMINO use recent versions of the thermodynamic data set of Holland and Powell [1998] (data set SPaC(2007-Aug)_Thermo.dat in GIBBS and data set tcdb55c2 in THERIAK/DOMINO). The Gibbs method requires that initial conditions be specified (pressure, temperature, the phases present, and their modes and compositions). The initial garnet composition values were determined by direct analysis of the garnet core composition, whereas all other initial values including pressure and temperature were inferred from the bulk composition using THERIAK and DOMINO. DOMINO plots equilibrium mineral assemblages, reactions, modes and compositions for specified intervals of pressure and temperature. The location of the garnet core composition on a DOMINO plot is unique and defines the initial pressure and temperature and the initial mineral assemblage. All other initial values were calculated by THERIAK using the initial pressure and temperature. Changes in pressure and temperature (the PT path) were determined using GIBBS by specifying changes in two variables (the monitor parameters) that occurred during garnet growth. The monitor parameters and their values are given by Hoisch et al. [2002] and Harris et al. [2007] . Bulk compositions were calculated from mineral composition data by Hoisch et al. [2002] and Harris et al. [2007] along with mineral modes determined from point counts. The paths shown in Figure 4a were shifted slightly (<20°C and Table 1 . Thrust motion chronology in fold-thrust belt from DeCelles [1994, 2004] and Yonkee [1992] . Timing of deformation in Rocky Mountain foreland from Dickinson et al. [1988] . Generalized timing of inception of Eocene extension from Constenius [1996] and Wells et al. [2000] . Lu-Hf garnet ages from Cruz-Uribe et al. [2008] ; phlogopite 40 Ar/ 39 Ar ages from strain fringes from . Note age progression of initial deformation from west to east, episodic motion on thrusts in the fold-thrust belt, and Late Cretaceous extension in hinterland coeval with shortening in Wasatch culmination, Absaroka thrust, and early Laramide uplifts and basin formation. MPF, Mahogany Peaks fault.
WELLS ET AL.: TECTONIC MODE SWITCHING, SEVIER OROGEN TC1002 TC1002 <300 bars) to align similar segments, as described by Hoisch et al. [2002] and Harris et al. [2007] .
[11] Each of the two burial events of the "M-shaped" PT path is recorded by garnet that grew via different reactions due to different bulk compositions. The older garnet growth occurred in the upper horizon of the schist of Stevens Spring at upper greenschist-to lower amphibolite-facies conditions from the breakdown of chlorite (Figures 4a and 5a) , and the younger garnet growth occurred in the lower horizon at upper amphibolite facies conditions from the breakdown of Figure 3 . Generalized geologic map of the RAG MCC, modified after Wells [1997] . Locations of garnet schist samples in Basin Creek shown; UH are upper horizon samples and LH are lower horizon garnet schist samples of Hoisch et al. [2002 Hoisch et al. [ , 2008 and Harris et al. [2007] from the schist of Stevens Spring. The schist lies in the footwall of the Basin-Elba fault, a major thrust fault, which is exposed in the northern Albion Mountains. Note that the schist samples also lie in the footwall of the Mahogany Peaks and Emigrant Spring faults, two low-angle normal faults of probable Late Cretaceous age.
staurolite (Figures 4b and 5b) . Exhumation between the two segments of burial was inferred by Hoisch et al. [2002] based on the following arguments: (1) early garnet growth took place in the kyanite stability field whereas later garnet growth occurred in the sillimanite stability field; (2) older garnets display prograde modification along cracks and rims whereas younger garnets display retrograde modification along cracks and rims; and (3) the two PT paths cannot be joined without involving a significant drop in pressure.
[12] Direct evidence of the pressure drop following growth of the early formed garnets is present in newly recognized reaction rims on corroded upper horizon garnets ( Figure 5a ). The reaction rims lack muscovite and consist entirely of plagioclase, biotite and quartz, suggesting a reaction that consumes muscovite and garnet while producing plagioclase and biotite. A path that first increases in temperature then isothermally decreases in pressure yields the observed reaction rim first by growing the garnet larger, then reacting it while consuming muscovite and producing plagioclase and biotite (Figures 4a and 4c).
[13] The late-formed (lower horizon) garnet grew along the PT path shown in Figures 4b and 4c. The garnets are corroded, documenting that they grew beyond what is preserved in the rock, and then underwent partial consumption. A history of garnet growth followed by partial garnet consumption is predicted by the PT path shown in Figures 4b and 4c, in which garnet first grows during staurolite consumption in the absence of sillimanite during an increase of pressure and temperature, then crosses through a narrow field in which sillimanite and garnet are produced and staurolite is consumed, then doubles back through the same field upon cooling, resulting in the production of retrograde staurolite and partial consumption of garnet. Extensional deformation associated with the Middle Mountain shear zone [Saltzer and Hodges, 1988; Wells et al., 2000 Wells et al., , 2004 Wells, 2011] produced strain shadows around garnets as they rotated and underwent corrosion. Varying degrees of rotation resulted in high angles between the external fabric and fabric preserved as inclusion trails in the corroded garnets ( Figure 5b ) [see also Strickland et al., 2011a] . Retrograde Figure 4 WELLS ET AL.: TECTONIC MODE SWITCHING, SEVIER OROGEN TC1002 TC1002 staurolite grains in the matrix contain straight to weakly sigmoidal inclusion trails that vary in concordancy with the external fabric from highly discordant to completely concordant, suggesting they grew synkinematically within the shear fabric ( Figure 5b ). Retrograde staurolite also nucleated along the margins of corroding garnets ( Figure 5b ) and within garnet cracks (Figure 5c ) [cf. Strickland et al., 2011a] . Our interpretation is that the onset of extensional deformation along the Middle Mountain shear zone occurred late in the growth of the lower horizon garnets.
[14] PT paths generated by this method must be viewed in the context of uncertainties. Although no study has yet approached error propagation in isochemical calculations, some things can be inferred about the likely magnitude of the uncertainties. Studies that have evaluated error propagation in geobarometry calculations yielded uncertainties of AE1-3 kbar [e.g., Kohn and Spear, 1991; Todd, 1998 ]. Studies that have evaluated error propagation for the garnetbiotite Fe-Mg exchange equilibrium have yielded estimates of AE25° [Holdaway, 2000] and AE50°C . Errors in geobarometry calculations become inflated at low concentrations of Ca in garnet and plagioclase due to uncertainties in the activity models of grossular in garnet and anorthite in plagioclase. Although G-minimization is a different calculation than thermobarometry, and calculates equilibria that do not involve biotite, garnet or plagioclase, there is no reason to believe it is more precise as it incorporates the same sources of error. In fact it may be less precise because the G-minimization method utilizes additional constraints provided by the bulk composition that contribute additional uncertainties. We assume the uncertainty in the absolute PT placement of reactions and isopleths in isochemical calculations to be no more accurate than thermobarometry calculations, and similarly sensitive to the Ca content of garnet and plagioclase. Although the placement of reactions and isopleths in PT space likely carry large uncertainties, especially with regard to pressure, the relative placement of mineral assemblage fields in PT space appear to be robust.
[15] Kohn [1993] evaluated error propagation in differential thermobarometry (i.e., the Gibbs method). He found that the magnitude of changes in pressure and temperature and the value of dP/dT calculated for a path segment from changes in monitor parameters are relatively insensitive to the uncertainties that strongly affect thermobarometry calculations. Thus, for the approach employed in the current study, which combines the two methods, we regard the shape and magnitude of the PT path to be robust, whereas the absolute placement of the PT path in PT space likely carries large uncertainties, especially with regard to pressure.
[16] The composite PT-path ( Figure 4c ) in the current study is generally similar to the path presented by Hoisch et al. [2002] and Harris et al. [2007] but differs in some respects.
(1) The PT-paths calculated for the upper horizon garnets show greater consistency and improved definition of the composite path. (2) The pressure and temperature conditions corresponding to the initiation of garnet growth in the upper horizon rocks were determined using DOMINO plots to be 515-530°C at 4.8-5.2 kbar whereas Hoisch et al. [2002] and Harris et al. [2007] assumed 5 kbar and estimated lower initial temperatures (<475°C) by garnet-biotite geothermometry. (3) The initial modes and compositions used in the Gibbs calculation were determined using THERIAK whereas Hoisch et al. [2002] and Harris et al. [2007] determined initial modes and compositions using an imperfect iterative process. (4) The major decompression is supported by the crossing of garnet mode isopleths in the direction of decreasing mode on a DOMINO plot ( Figure 4a ) whereas Hoisch et al. [2002] and Harris et al. [2007] presented no direct evidence for the decompression. The method used to determine the current composite PT-path is therefore more straightforward and self-consistent than for previous versions, and also incorporates additional constraints. Consequently, we consider it to be a better approach and to yield a more robust result.
[17] In summary, petrologic modeling of two bulk compositions of pelitic schist at Basin Creek yields an "M-shaped" PT path (Figure 4c ). The first two segments of Figure 4 . PT paths from garnet zoning, from the Basin Creek area of the northern Grouse Creek Mountains, based on data from Hoisch et al. [2002] and Harris et al. [2007] , recalculated using the method described in section 3.1 and plotted on isochemical diagrams [de Capitani and Petrakakis, 2010] . Mineral assemblage fields are shown on smaller diagrams; the fields of garnet growth is labeled with the full assemblage and the other fields are labeled with the change in assemblage, "+" indicating a mineral that is added and "À" indicating a mineral that is subtracted. (a) Paths from seven garnets from the upper horizon of the schist of Stevens Spring. Garnet grew primarily from the breakdown of chlorite within the assemblage GAR+CHL+BIO+MUS+PLG+QTZ. Inferred path segment shown by dashed grey line crosses modal isopleths first in the direction of increasing garnet (temperature increase), then in the direction of decreasing garnet and muscovite and increasing plagioclase and biotite (pressure decrease). (b) Path of garnet LH1A from the lower horizon of the schist of Stevens Spring plotted on a pseudosection. Garnet grew primarily from the breakdown of staurolite within the assemblage GAR+ST+BIO+MUS+PLG+QTZ. Inferred path segment shown by dashed grey line crosses staurolite-out sillimanite-in reaction in prograde direction causing further garnet growth, then doubles back over the reaction in the retrograde direction partially consuming garnet and producing staurolite. (c) Complete PT path annotated with the interpretations described in Figures 4a and 4b. 1. PT path for upper horizon garnet growth documenting thrust burial at 85.5 AE 1.9 Ma; 2. Progradation yields further garnet growth; 3. Garnet is partially consumed during decompression to form muscovite-free reaction rims during Late Cretaceous extension; 4. PT path for lower horizon garnet growth during Laramide thrusting dated by co-crystallized monazite inclusions, $65 Ma for cores and $40 Ma for rims; 5. Further garnet growth as path crosses staurolite-out reaction; 6. Garnet is partially consumed as staurolite-out reaction is crossed in retrograde direction during Eocene extension. Note that the temperature and pressure effects of Oligocene heating during widespread crustal melting and magmatism, and subsequent Late Oligocene to Miocene extension, are not shown for simplicity. Abbreviations: AND (andalusite), BT (biotite), CHL (chlorite), CRD (cordierite), CTD (chloritoid), GAR (garnet), KSP (K-feldspar), KY (kyanite), MUS (muscovite), PG (paragonite), PLG (plagioclase), SIL (sillimanite), Xgr (mole fraction grossular), vol% (volume percent), ZO (zoisite).
the path are recorded in rocks from the upper horizon of the schist of Stevens Spring and the second two segments are recorded in rocks from the lower horizon. Garnet in the two horizons record different parts of the PT path due to different garnet growth reactions. The PT paths record two burial events separated by $3 kbar of decompression. The first burial episode records a 2 kbar pressure increase at $515-550°C; the second burial episode records $1 kbar of pressure increase at $585°C to 615°C.
3.2. Dating the "M-Shaped" PT Path 3.2.1. Dating of Older (UH) Garnets by Lu-Hf Garnet Geochronology
[18] In this study we report an age determined using the Lu-Hf method [e.g., Anczkiewicz et al., 2007; Cheng et al., 2008] on the older (upper horizon) garnets from which detailed PT paths have been determined (Figures 4a and 5a) Hf of 0.28245 AE 5 (ɛ Hf = À10.0 AE 1.9) but with a somewhat elevated MSWD (5.6). Elimination of one of the garnet points (G5) yields an identical age of 85.5 AE 1.9 (initial 176 Hf/ 177 Hf = 0.28244 AE 5; ɛ Hf = À10.3 AE 1.8) but with slightly smaller error and lower MSWD (3.9) (Figure 6 ). The whole rock point plots below the isochron and is contributing to the higher MSWD. This is commonly observed in garnet whole-rock isochrons if inherited zircons are present in the rock [Scherer et al., 2000] because they are contributing less radiogenic Hf to the whole-rock composition. Regression of only the garnet points yields an age of 84.5 AE 1.8 that is within error of the garnet whole-rock isochron but with a lower MSWD (2.3). This MSWD, while above 1, is still quite low considering the small uncertainties of the data points and the large spread in Lu/Hf of the individual points. Model ages were determined for each garnet fraction using the 176 Hf ratios from the regression using all data. Model ages for the garnet fractions are 85.3 AE 1.5 (G1), 87.5 AE 2.7 (G2), 87.5 AE 2.9 (G3), 86.5 AE 3.1 (G4), 88.8 AE 2.2 (G5) and 85.34 AE 0.81 Ma (G6) (Table 2 and Figure 6 ). Model ages produce weighted means of 85.8 AE 1.3 Ma (MSWD = 2.5, all garnets) and 85.6 AE 0.6 Ma (MSWD = 1.2, omitting garnet 5).
[19] Collectively, these data define a robust Lu-Hf garnet age of about 86 Ma. This age is interpreted to record the timing of prograde garnet growth based on the observations that garnet growth occurred under temperature conditions of $515-550°C and that subsequent metamorphic temperatures peaked at $630°C (Figures 4), well below the nominal closure temperature for the Lu-Hf system in garnet of 900°C [Anczkiewicz et al., 2007] . The PT paths for the older (upper horizon) garnets (Figures 4a and 4c) indicate that garnet grew during $2 kbar of pressure increase ($7.5 km of burial). Therefore, our interpretation is that a significant thrust burial event is documented at $86 Ma. This constrains the age of post-thrusting exhumation to the interval 86-65 Ma, bracketed between the 86 Ma Lu-Hf age for upper horizon garnets and the oldest garnet core model age (65 Ma) determined from monazite inclusions by for the lower horizon garnets (see below).
Dating of Younger (LH) Garnets by Th-Pb Dating of Monazite Inclusions
[20] Dating of the younger (lower horizon) garnets was previously carried out by inferring the age of garnet growth from a population of very small (<20 mm) monazite inclusions in garnet. Ages from sixty-six monazite inclusions in four large ($1 cm) garnet grains analyzed in situ were reported by Hoisch et al. [2008] . In all four garnet grains, monazite ages decrease with radial distance from the garnet cores. Hoisch et al. [2008] constructed "model" ages for the garnet cores and rims (Figure 7a) , based on the assumptions that (1) garnet growth occurred with a constant rate of volume increase, (2) monazite inclusions co-crystallized with garnet at the garnet rims and were occluded as the garnet grew, and (3) monazite grains, once occluded, were armored from further changes such as Pb loss, dissolution or new growth, as suggested in many studies [e.g., DeWolf et al., 1993; Poitrasson et al., 1996; Zhu et al., 1997; Braun et al., 1998; Foster et al., 2000; Montel et al., 2000; Simpson et al., 2000; Stern and Berman, 2001; Terry et al., 2000] . In addition, temperatures remained well below the >900°C threshold for Pb diffusion in monazite [e.g., Cherniak et al., 2004] . From the regressions, model ages for the garnet cores and rims were calculated. Model ages for garnet cores range from 56.9 AE 5.6 to 64.4 AE 5.0 Ma (Figure 7b ). Model ages for the garnet rims vary more widely, due to variable amounts of retrograde rim consumption; however, the largest difference between the model ages of the core and rim found on any one garnet grain was 22 m.y. (Figure 7b ). Thus, using the oldest core model age, the age of the second garnet growth event and associated burial is constrained to 65-45 Ma, and garnet growth during burial may have begun prior to 65 Ma.
[21] From the same rocks, Strickland et al.
[2011a] determined ages on monazite grains that were separated from crushed whole rock by heavy liquids. We consider it unlikely, however, that the very small (<20 mm) garnethosted monazite inclusions were successfully separated by this process, as evidenced by the similarity of the age population they determined (38-53 Ma based on 10 U-Pb determinations) with the matrix age population reported by Hoisch et al. Hf ratios from the regression using all data.
WELLS ET AL.: TECTONIC MODE SWITCHING, SEVIER OROGEN TC1002 TC1002 Compton et al. [1977] , Wells et al. [1997] , and Strickland et al. [2011a Strickland et al. [ , 2011b ).
[22] From the Basin Creek area, Strickland et al.
[2011a] also reported 27 monazite U-Pb ages ranging from 27 to 33 Ma from the Archean Greek Creek complex, and 34 monazite ages from a garnet-absent sample of the schist of Stevens Spring. The latter include monazite cores that averaged 140.7 AE 1.5 Ma (n = 9) and 25 determinations of rims and whole grains with patchy zonation that ranged from 35.5 to 30.0 Ma [Strickland et al., 2011a] . In addition, Strickland et al. [2011a] analyzed detrital cores and metamorphic rims on zircons, from the same garnet-absent sample of the schist of Stevens Spring. Sixty-eight age determinations on cores ranged from 2757 AE 10 to 899 AE 65 Ma, while 23 determinations on rims were discordant and ranged in age from 146 AE 1 to 110 AE 1 Ma.
[23] Strickland et al. [2011a] interpreted the sillimanite in these rocks to be related to contact metamorphism from the 27-29 Ma Vipont granite, based on an analogy with sillimanite in the contact aureoles of other Tertiary granitic bodies in the Grouse Creek and Albion Ranges, and on the similarity of zircon rim ages and some monazite ages obtained from metamorphic rocks in Basin Creek with the age of the Vipont granite (discussed earlier). We concur that sillimanite was stable during the inception of shearing along the Middle Mountain shear zone, but disagree with the interpretation of a contact metamorphic origin for sillimanite at Basin Creek. The other known occurrences of sillimanite are found along the immediate contacts (within tens of meters) of sizable contiguous granitic bodies (the Almo pluton in the Albion Range, the Red Butte stocks in the Grouse Creek Range, and the Vipont pluton further north), whereas in the Basin Creek area, the Vipont granite occurs as sparse dikes occupying only 1-3% of the total rock volume. The proportion of granite increases northward from Basin Creek, and 8 km north of Basin Creek the sill-like Vipont pluton has a minimum thickness of 300 m, with an additional 100-150 m thick lit-par-lit injection zone present in its roof. Contact-metamorphic sillimanite at this locality is present in screens of staurolite-absent pelitic schist within the injection zone. We interpret the full set of geochronologic data to record essentially continuous metamorphism that began prior to $140 Ma, peaked at about 40 Ma, and ended upon falling below the closure temperature for argon diffusion in biotite at 21 Ma , rather than two separate episodes of metamorphism at $140 Ma and $30 Ma, as interpreted by Strickland et al. [2011b] .
Structural Evidence for Kinematic Alternations
[24] Multiple cycles of shortening and extension from Late Jurassic to Late Eocene time have previously been recognized in the RAG MCC (Table 1 and Figure 2) . The principal field observations that document the Late Cretaceous to Eocene kinematic alternations are summarized below. Low-angle faults that omit parts of the stratigraphic section and lie structurally above the schist of Stevens Spring have previously been described and interpreted as Late Cretaceous normal faults [Wells, 1997; Wells et al., 1998 ] (D2, Table 1), including the Mahogany Peaks and the Emigrant Spring faults. The Mahogany Peaks fault places Ordovician rocks over Neoproterozoic rocks (Figure 3 ), removes about 4 km of strata and has an estimated slip of >20 km. Juxtaposition of younger over older rocks, and of upper greenschist-facies metamorphic rocks yielding 90 Ma muscovite 40 Ar/ 39 Ar cooling ages over middle amphibolitefacies metamorphic rocks yielding 60 Ma muscovite 40 Ar/ 39 Ar cooling ages, as well as top-to-the-west shearing down-structure, support an extensional origin for this fault. The Emigrant Spring fault (Figure 3 ) places Pennsylvanian over Ordovician marble, removes about 5 km of stratigraphy, and also exhibits top-to-the-west kinematics. Both faults deform a mid-Cretaceous fabric and are deformed by recumbent folds, which are in turn overprinted by an Eocene detachment fault and shear zone.
[25] The previous interpretation of alternations in shortening and extension relied on the interpretation that recumbent folds, which deform the Late Cretaceous low-angle normal faults, represent renewed shortening [Wells, 1997] . Recumbent folds can form during extension, however, such occurrences are usually associated with high-strain rock fabrics including mylonite and sheath folds [e.g., Cobbold and Quinquis, 1980; Malavieille, 1987] or alternatively, an initial moderate to steep dip to layering [e.g., Froitzheim, 1992] . The folds that deform the Mahogany Peaks and Emigrant Spring faults lack coeval high-strain features, and there is no evidence for a significant regional dip to the bedding-parallel faults. Thus, it seems improbable that the Figure 7 . (a) Plot of Th-Pb ages of monazite inclusions in garnet gm1e versus radial distance cubed from garnet core . One-sigma error bars are shown on data points; error envelope for the 95% confidence interval is shown. (b) Calculated core and rim garnet "model ages" calculated by the regression of inclusion ages versus radial distance cubed. Error bar shown is 95% confidence interval.
folds developed during horizontal extension and vertical shortening.
[26] Recumbently folded low-angle normal faults and shear zones have been interpreted to record a return to shortening following a period of extension at mid-crustal levels [e.g., Balanyá et al., 1997; Beltrando et al., 2008] . The folding of the low-angle faults in the RAG MCC may be related to renewed thrust motion along the Basin-Elba fault. At Mt. Harrison in the Albion Mountains, the Mahogany Peaks fault is folded into an east-vergent, tight to isoclinal syncline in the footwall of the Basin-Elba fault [Miller, 1980 [Miller, , 1983 , suggesting a kinematic association between folding and thrusting.
[27] A return to extension is manifest in the development of an Eocene extensional shear zone-detachment fault system, the Middle Mountain shear zone and associated Middle detachment fault, which overprint the tight to recumbent folds (D4a, Table 1 ) [Wells et al., 2000] . Existing geo-and thermo-chronometry suggests that the first phase of top-tothe-NW ductile shearing along the Middle Mountain shear zone predates intrusion of Oligocene (29-25 Ma) granites and was initiated by 45 Ma, as indicated by 40 Ar/ 39 Ar cooling ages in its footwall [Wells et al., 2000] . Eocene extension in the RAG MCC fits well with the documented southward sweep in the onset of extension [e.g., Axen et al., 1993; Dickinson, 2002] , and closely followed the termination of shortening.
Geodynamic Model
[28] The kinematics of deformation in orogenic belts are governed by the dynamic interplay between many factors including gravitational potential energy, plate boundary forces, rock rheology and erosion [Davis et al., 1983; Platt, 1986; Molnar and Lyon-Caen, 1988; England and Houseman, 1989] . A change from shortening to extension during active plate convergence may be triggered by a decrease in horizontal compressive stress, increase in gravitational potential energy, or reduction in rock strength [Platt, 1986; England and Houseman, 1989; Willett, 1992; Rey et al., 2001] (Figure 9 ). The converse is also true, that renewed shortening in the rear of an orogenic wedge may be triggered by an increase in horizontal compressive stress, decrease in gravitational potential energy, an increase in rock strength, or factors that lead to a decrease in orogenic taper (i.e., erosion, frontal offscraping). Here we address the geodynamic conditions responsible for the transitions in deformation kinematics implied by the "M-shaped" PTt path from the Grouse Creek Mountains.
Late Cretaceous Transition From Shortening to Extension
[29] Late Cretaceous extension, documented by the Mahogany Peaks fault and the PTt path presented here from the RAG MCC, appears to have been widespread in the hinterland of the Sevier-Laramide orogen [Wells and Hoisch, 2008, and references therein] . Evidence for this is more abundant in the Mojave sector of SE California, above the purported shallowly dipping to flat segment in the subducted Farallon slab, however, scattered examples north of the inferred slab-segment boundary of Saleeby [2003] within the hinterland of the Idaho-Utah-Wyoming sector suggest that both regions experienced similar processes.
[30] The most common geodynamic environment for synconvergent extension is slab rollback and its associated reduction in plate coupling [Royden, 1993; Rawling and Lister, 1999; Collins, 2002; Beltrando et al., 2007; Jolivet and Brun, 2010] (Figure 8a ). Slab rollback occurs when the rate of plate convergence is less than the rate of subduction, the latter of which is controlled largely by the negative buoyancy of the subducting slab [e.g., Royden, 1993] . Slab rollback reduces the coupling at the plate boundary, thus lessening the resulting horizontal compressive stress. Additionally, enhanced counterflow in the mantle wedge, modified by slab rollback, provides traction at the base of the overriding lithosphere, and induces uplift due to dynamic topography, which both further promotes extension [e.g., Humphreys, 1995] .
[31] The dip of the subducting Farallon plate is thought to have shallowed, rather than steepened, beneath the western North America during the Late Cretaceous, as indicated by reconstructed plate motions [Engebretson et al., 1985; Müller et al., 1997] , inverse modeling of mantle convection [Liu et al., 2008 [Liu et al., , 2010 , and the geology of the overriding plate [e.g., Coney and Reynolds, 1977; Bird, 1984; Liu and Nummedal, 2004] . Slab rollback is thus not a viable mechanism for Late Cretaceous synconvergent extension of the Sevier orogen. A variant of slab rollback in which "pinned" slab rollback occurs at the trailing edge of a subducted oceanic plateau, at the transition to abyssal lithosphere (Figure 8b ), has been proposed as a geodynamic mechanism for Late Cretaceous extension in the Mojave Desert region [Saleeby, 2003] . This mechanism was discounted by based on the chemical and thermal contribution of basalts to anatectic melts, and the occurrence of anatexis and extension on either side of the northern margin of the subducted oceanic plateau [Saleeby, 2003; Liu et al., 2010] . In the absence of slab rollback, three mechanisms for Late Cretaceous synconvergent extension are seemingly compatible with the geologic observations from the hinterland of the Late Cretaceous Sevier-Laramide orogen (Figure 8 ) (see for a more complete discussion): rheological weakening, focused internal shortening, and delamination. These mechanisms are not mutually exclusive, and may, indeed, be related to one another.
[32] A reduction in the strength of material within an orogenic wedge or its basal decollement can induce extension (Figure 8c) . Weakening of the basal décollement, without a similar weakening of the material within the wedge, in Coulomb-plastic and viscous wedges [Dahlen, 1984; Willett, 1992 Willett, , 1999 , accomplishes a reduction in basal shear stress that can lead to horizontal extension. Furthermore, weakening of material within a viscous wedge will result in a decrease in the critical taper and extension [Willett, 1999; Rossetti et al., 2002] . Similarly, weakening of the mid-to lower-crust may lead to decoupling, allowing the crust to flow in response to lateral gradients in gravitational potential energy [Jamieson et al., 1998; Vanderhaeghe and Teyssier, 2001] (Figure 8d) . Heating, to facilitate rheological weakening, may occur more gradually through thermal relaxation of tectonically thickened crust [e.g., England and Thompson, 1984] or more rapidly through heat advection by invasion of basaltic melts [e.g., Annen and Sparks, 2002] . Upon heating, weakening is predicted by the temperature sensitivity of plastic flow laws [Kohlstedt et al., 1995] and WELLS ET AL.: TECTONIC MODE SWITCHING, SEVIER OROGEN TC1002 TC1002
-should partial melting occur -by melt-induced weakening mechanisms [Jamieson et al., 1998; Handy et al., 2001] . The production of Cordilleran-type peraluminous granites [Barton, 1990; Patiño Douce, 1999] in the Sevier hinterland was probably associated with rheological weakening at the melt sites in the lower crust.
[33] Focused internal shortening in the rear of an orogenic wedge may also trigger extension by over-steepening its taper to a supercritical state [Dahlen, 1984; Platt, 1986; Cello and Mazzoli, 1996] (Figure 8e ). Thickening may occur by underplating at the base of the wedge or by internal shortening within the wedge [e.g., Platt, 1986] . Duplex faulting and development of antiformal culminations are efficient in localizing crustal thickening, causing topographic uplift, and increasing wedge taper [DeCelles and , and are commonly associated with crustal ramps. Several MCCs of the Sevier orogen, including the RAG MCC, are paired with regional synclinoria on their east sides, suggesting uplift over crustal-scale ramps [e.g., Armstrong, 1982; Von Tish et al., 1985] . The ramps may have undergone footwall imbrication to form large duplexes, similar to the culminations related to steps in the basement further east [e.g., Yonkee, 1992; . It is unclear whether extension above a zone of duplexing at the base of the Sevier orogenic wedge would be of sufficient magnitude and rate to produce $3 kbar of decompression without cooling. Additionally, while extension above duplexes associated with large-scale ramps may seem reasonable for individual core complexes, application of this mechanism to all documented localities of Late Cretaceous extension from southeastern California to Idaho-Montana is unlikely. The >2 kbar pressure increase immediately preceding decompression requires tectonic burial of the RAG MCC rocks themselves, and suggests that underplating by itself is not a viable explanation. The MCCs lay within, rather than beneath, the Sevier orogenic wedge and a western thrust internal to the wedge is required to bury the RAG MCC [e.g., Harris et al., 2007] . Furthermore, there is abundant evidence for localized crustal thickening in the metamorphic rocks of MCCs, in the form of depthcontrolled metamorphic field gradients [Hoisch and Simpson, 1993; Camilleri and Chamberlain, 1997; Lewis et al., 1999; McGrew et al., 2000; Cooper et al., 2010] . The viability of thickening internal to the orogenic wedge as a mechanism for triggering extension is discussed below in reference to the PTt path.
[34] It is well recognized that delamination of mantle lithosphere (Figure 8f ) is an effective mechanism to increase Moho temperature and geothermal gradient, induce adiabatic asthenospheric melting, increase gravitational potential energy, increase elevation, and trigger crustal extension [Houseman et al., 1981; Platt and England, 1994; Rey et al., 2001] . Additionally, the delamination cycle and its associated thermal and isostatic responses may significantly alter the dynamics of orogenic wedges, and not only lead to extension, but promote focused shortening as an antecedent to delamination. By delamination cycle, we refer to the phases of development and amplification of a Rayleigh-Taylor (RT) instability, separation (delamination), and post-separation thermal, isostatic, and rheological re-equilibration.
[35] Numerical modeling suggests the following sequence for the development and foundering of gravitationally unstable thickened mantle lithosphere [e.g., Molnar et al., 1998; Conrad and Molnar, 1999; Conrad, 2000] : (1) initial thickening of mantle lithosphere developing a RT instability; (2) increase in the amplitude of the RT instability by convergent flow; (3) transition from linear viscous flow (diffusion creep) and exponential growth of the developing instability to power law flow (dislocation creep) and superexponential growth and; (4) detachment and sinking of the RT instability (mantle drip).
[36] Uplift and the change in the taper of orogenic wedges to supercritical are predicted to accompany detachment and sinking of mantle lithosphere beneath the rear of retroarc wedges. The consequences of isostatic uplift and the rotation in maximum principal compressive stress from horizontal to vertical immediately following the separation of convectively unstable lithospheric roots are well recognized [e.g., Molnar and Lyon-Caen, 1988; Houseman and Molnar, 1997; Rey et al., 2001] . Lateral gradients in gravitational potential energy sufficient to cause extension are derived from both topographically elevated crust (relative to lowlands) as well as from thickened mantle lithosphere [Rey et al., 2001] . The accompanying increase in Moho temperature and geothermal gradient, and heat advection due to invasion by adiabatic asthenospheric melts induced by delamination, also promote extension. Delamination beneath the rear of retroarc orogenic wedges is predicted due to the inherent asymmetry in the locus of crustal and lithospheric mantle thickening in the retroarc, and the proximity to the arc wherein dense eclogite facies garnet pyroxenites, residues of melting, may also participate in and promote delamination [e.g., Ducea, 2002] . The increase in taper of the orogenic wedge leads to extension in its rear and lengthening at its toe, providing a kinematic link between hinterland extension and foreland shortening.
[37] We have previously proposed that delamination is the likely cause for Late Cretaceous extension in the SevierLaramide orogen based upon petrologic, structural, and thermochronologic data [Wells et al., 2005; . Salient observations include: similar timing of Late Cretaceous extension, with up to 14 km of exhumation, from multiple localities along the axis of prior crustal thickening; association in space and time of extension with Late Cretaceous Cordilleran-type peraluminous granites, which have a deep crustal source but also a juvenile basaltic component; and extension and magmatism synchronous with continued shortening in both the Laramide foreland province and the Sevier fold-thrust belt northeast of the Mojave Desert. Additionally, the PT path departed significantly from paths of Barrovian metamorphism [e.g., England and Thompson, 1984] , and requires a heat source external to the crust. The proposal of Late Cretaceous delamination at the onset of the Laramide orogeny relies on observations of the geologic consequences of delamination and the elimination of competing models.
[38] The new Lu-Hf garnet ages presented here, coupled with the Th-Pb monazite inclusion ages and revised PT paths [Hoisch et al., 2002; Harris et al., 2007] , allow us to better test the alternative mechanisms of rheological weakening, focused internal shortening, and delamination for Late Cretaceous synconvergent extension in the hinterland of the Idaho-Utah-Wyoming sector, as each makes testable predictions of PTt paths. In the case of rheological weakening through thermal relaxation of tectonically thickened crust, rocks undergo clockwise PT paths characterized by a significant time lag between peak pressure and temperature [e.g., England and Thompson, 1984] , with isobaric heating and or heating with limited decompression following shortening-related compression. Exhumation triggered by rheological weakening will be close in timing to peak temperature conditions in the lower crust. In contrast, extension triggered solely by supercritical wedge formation should produce a PT path lacking a period of isobaric heating following compression and exhibit decompression closely following compression. Cooling will accompany decompression unless the rate of decompression is slow relative to the rate of radiogenic heat production. Finally, delamination of mantle lithosphere may produce either heating during decompression or isobaric heating following decompression [Platt and England, 1994] , depending on the rate of exhumation.
[39] The PTt path presented here for the Late Cretaceous to early Eocene tectonics of the Grouse Creek Mountains is most supportive of delamination of mantle lithosphere as a driving mechanism for the Late Cretaceous tectonic mode switch from shortening to extension (Figure 9c ). Decompression is bracketed between the two dated garnet growth events of 86 and 65 Ma. Muscovite cooling ages from the hanging wall and footwall of the Mahogany Peaks fault in the eastern Raft River Mountains of 90 and 60 Ma, respectively, are compatible with exhumation of the schist of Stevens Spring by the Mahogany Peaks and Emigrant Spring faults [Wells et al., 1998 ]. The apparently continuous heating during a sequence of compression-decompressioncompression is inconsistent with oversteepening of an orogenic wedge, whether by underplating or internal thickening, as being the sole driver for extension. Furthermore, continued heating following decompression is inconsistent with rheologic weakening as the principal driving mechanism for extension. Delamination and associated heating of the crust through an increase in Moho temperature and mantle heat flux, perhaps enhanced by intrusion of decompression-related asthenospheric melts into the lower crust [Annen and Sparks, 2002] , seems necessary to explain the inferred heating during exhumation in this area (Figure 9c ). We note that while 85-70 Ma plutons are present elsewhere in the Sevier hinterland [e.g., Barton, 1990; Wright and Wooden, 1991] , there are no exposed plutons of this age in the nearby region. Thus, while focused crustal thickening, and perhaps rheological weakening, aided in localizing and promoting Late Cretaceous extension, we view delamination to be the fundamental cause.
[40] Delamination provides a context for viewing the significant 86 Ma crustal thickening (minimally 7 km) in the interior of the orogenic wedge that predated Late Cretaceous decompression. The delamination cycle predicts subsidence to precede delamination. Flexural isostatic subsidence accompanying growth and amplification of an RT instability may lower orogenic taper and lead to renewed shortening in the interior of the wedge. Subsidence may be rapid due to the predicted acceleration of downwelling during growth of the RT instability [Conrad, 2000] . Shortening required by orogenic wedge mechanics would be reinforced by kinematically and rheologically required convergent flow associated with downwelling during the growth of a RT instability (Figure 9b ). The areal extent of such shortening would scale with the diameter of the RT instability.
[41] Late Cretaceous shortening and metamorphism that immediately preceded extension, as documented in the RAG MCC, is evident elsewhere in the MCCs of the Sevier hinterland, and is superimposed on Late Jurassic to Early Cretaceous metamorphism associated with folding and foliation development [Miller et al., 1988; Hudec, 1992, Camilleri and Chamberlain, 1997; McGrew et al., 2000; Cruz-Uribe et al., 2008; Cooper et al., 2010] . In the Snake Range MCC, garnet growth associated with burial of Neoproterozoic supracrustal rocks to metamorphic pressures of up to 8 kbar has been dated by Sm-Nd and Lu-Hf garnet isochrons as Late Cretaceous (88.8 AE 1.2 and 90.8 AE 1.8 Ma, respectively [Cooper et al., 2010] ), consistent with prior constraints on the age of Late Cretaceous metamorphism [Miller et al., 1988] . In the Ruby Mountains-East Humboldt Range MCC, peak metamorphic pressures of 9 kbar were reached at $85 Ma [McGrew et al., 2000] , consistent with an 84.1 AE 0.2 Ma age for peak metamorphism (U-Pb, metamorphic sphene) in the adjacent Pequop Mountains [Camilleri and Chamberlain, 1997] . A post-metamorphic period of thrusting is bracketed between 84 and 75 Ma in the Wood Hills [Camilleri and Chamberlain, 1997] . The distinction between Late Jurassic and Late Cretaceous metamorphism in the Funeral Mountains MCC is less clear; however, a Th-Pb age of 91.5 AE 1.4 Ma reported by Mattinson et al. [2007] on monazite from garnet-staurolitekyanite schist that records peak metamorphism at 7-9 kbars [Labotka, 1980; Hoisch and Simpson, 1993] , leaves open the possibility that shortening continued into the Late Cretaceous.
[42] It is well recognized that the MMCs of the Sevier hinterland exhibit evidence for localized large magnitude crustal thickening and burial [e.g., Armstrong, 1982; Coney and Harms, 1984] . Thickening and burial was not uniform along strike, as evident in the significant lateral metamorphic field gradients in contiguous metamorphic rocks (up to 4-6 kbar differences in pressure over lateral distances of 30 to 40 km) as seen in the Funeral Mountains [Labotka, 1980; Hoisch and Simpson, 1993] , Snake Range [Miller et al., 1988; Lewis et al., 1999; Cooper et al., 2010] , and Ruby Mountains-East Humboldt Range [Howard, 2003, and references therein] . The patchy distribution of metamorphic rocks of appropriate mineralogy for thermobarometry in the RAG MCC, as well as the variability in age of Mesozoic metamorphism being revealed by ongoing work [e.g., CruzUribe et al., 2008; Strickland et al., 2011a] , has not allowed lateral variations in Late Cretaceous metamorphic conditions to be evaluated; however, existing constraints do not preclude such lateral variations. Any explanation for the development of the metamorphic field gradients must account for a significant variability in burial parallel to the orogen [e.g., Howard, 2003; Cooper et al., 2010] .
[43] The metamorphic field gradients may represent focused crustal thickening and differential burial associated with duplexes at major crustal ramps [e.g., Miller and Hoisch, 1995; Camilleri, 1998; . Tectonic burial may have been focused at basement buttresses (walls and corners) related to the geometry of the Late Precambrian rift system and its consequent Paleozoic shelfslope break [Miller et al., 1991; . However, it is permissive that the pronounced metamorphic field gradients may in part record localized downwelling as a manifestation of convergent flow over a RT instability. Localized subsidence and basin formation on the Puna plateau of the Andes has recently been proposed as a surface manifestation of such downwellings [Carrapa et al., 2009] .
Extension to Shortening Transition: Renewed Late Cretaceous to Eocene Shortening
[44] During the Late Cretaceous to Early Eocene, a marked increase in the rate of shortening across the foreland of the Sevier-Laramide orogen is recorded by coeval shortening in the Sevier fold-thrust belt and to the east, in the Laramide foreland province [Dickinson et al., 1988; DeCelles, 2004, Figure 4b] (Figure 2 ). Early in this time interval, the hinterland region experienced partial melting, extension, and exhumation [Hodges and Walker, 1992; Camilleri and Chamberlain, 1997; McGrew et al., 2000; (Figure 9c ). We infer that these processes are in response to delamination, and thus also predict uplift. Uplift will result in supercritical taper, and consequent extension in the hinterland may have been kinematically linked to foreland shortening [cf., Livaccari, 1991] . Thus, uplift and extension in the hinterland may have caused propagation of deformation into the Laramide foreland, akin to an orogenic surge [e.g., Lister et al., 2001] , effectively lengthening the orogenic wedge and lowering the taper (Figure 9c) .
[45] Following lithospheric foundering, anatexis and extension in the hinterland, an increase in net horizontal compressive stress in the hinterland is predicted from: (1) relaxation of contrasts in gravitational potential energy and associated horizontal tensional stresses; (2) an increase in plate coupling due to an increase in relative convergence rate between the Farallon and North American plates [Engebretson et al., 1985] and an increase in surface area of plate contact, whether by end loading or basal shear [Bird, 1984; Livaccari and Perry, 1993] , perhaps amplified by subduction of an aseismic ridge or oceanic plateau [Henderson et al., 1984; Barth and Schneiderman, 1996] . Upon cooling, continuity of the continental stress guide is restored, and with increased subhorizontal compression and thermal subsidence on the heels of extension-related mechanical subsidence [e.g., McKenzie, 1978] , shortening is renewed in the hinterland and critical taper to the orogenic wedge is reestablished (Figure 9d ). Renewed shortening in the hinterland of the Sevier fold-thrust belt, recorded in latest Cretaceous to middle Eocene garnet growth during crustal thickening in the Grouse Creek Mountains, was synchronous with shortening in the foreland fold and thrust belt, including movement on the Absaroka (Late), Medicine Butte, and Hogsback thrusts DeCelles, 2004] , as well as shortening in the Laramide foreland province [Dickinson et al., 1988] (Figures 1 and 2 ). Late Cretaceous extension at the latitude of northernmost Utah, while synchronous with early shortening in the Laramide foreland province (Figure 9c) , predated, and thus could thus not have driven, Paleocene to Eocene shortening in the Laramide province (Figure 9d) [cf. Livaccari, 1991] .
Eocene Shortening to Extension Transition
[46] The transition from shortening to extension that marked the end of the Laramide orogeny is perhaps the best understood, from a geodynamic standpoint, of the Late Cretaceous to Eocene tectonic mode switches in the western U.S.. In the Idaho-Utah-Wyoming salient of the fold-thrust belt, shortening ended by 54-51 Ma and extensional collapse of the thrust belt began by 49 Ma [Constenius, 1996] . Shortening in the Laramide foreland province north of 42°N ended by the middle Eocene (55-50 Ma), but continued south of 42°N until the Late Eocene (40-35 Ma) [Dickinson et al., 1988; DeCelles, 2004] . On a regional scale, it has been well demonstrated that the leading edge of a belt of magmatism swept to the southwest from late Paleocene (51°N) to early Late Eocene (39°N) [Armstrong and Ward, 1991; Axen et al., 1993; Constenius, 1996] . The initiation of extension roughly tracked this migration in magmatism [Wernicke, 1992; Dickinson, 2002] . The southward sweep in initiation of magmatism has been viewed as a migratory volcanic arc [Dickinson, 2002] related to progressive slab rollback into a down-buckled foundering keel of Farallon slab in the central Basin and Range at the latitude of Las Vegas, Nevada [Humphreys, 1995] . Regardless of the mechanism and geometry of removal of the Farallon slab from beneath the Sevier-Laramide hinterland, upwelling of asthenosphere to the base of continental North American lithosphere was associated with a period of decreasing convergence rate between the Farallon and North American plates [Engebretson et al., 1985; Stock and Molnar, 1988] . Eocene extension was driven by the combination of gravitational potential energy resulting from thickened SevierLaramide crust, removal of the Farallon slab, and upwelling asthenosphere, as well as a decrease in compressional forces transmitted across the plate boundary through decreased plate coupling [Humphreys, 1995; Sonder and Jones, 1999; Dickinson, 2002; Rahl et al., 2002] .
Conclusions
[47] We have presented evidence for two cycles of shortening followed by extensional exhumation during continuous plate convergence, from the Late Cretaceous to early Tertiary Sevier-Laramide orogen. Complex kinematic histories, such as those presented here, challenge the simple two-stage conceptual model of an orogenic cycle of crustal thickening dominated by inter-plate compressional forces followed by orogenic collapse dominated by intraplate gravitational forces. This adds to the growing body of evidence for alternations in shortening and extension during mountain building [Platt, 1986; Froitzheim et al., 1994; Balanyá et al., 1997; Rawling and Lister, 1999; Lister et al., 2001; Collins, 2002; Beltrando et al., 2007] , suggesting that the balance between intraplate gravitational forces and interplate compressional forces may fluctuate cyclically during plate convergence. The cycle from the Sevier hinterland may record orogenic wedge mechanics related to underplating and internal thickening on western thrusts [e.g., Platt, 1986; Goldstein et al., 2005; Cello and Mazzoli, 1996; Crespi et al., 1996] , however, we interpret the heating during decompression to support exhumation as a response to delamination of mantle lithosphere. Subsidence, reinforced by convergent flow, during development and downwelling of a RT instability, may explain the $86 Ma shortening event in the interior of the orogenic wedge and the development of metamorphic field gradients common in the metamorphic core complexes of the Sevier-Laramide hinterland. Major events of shortening and synconvergent extension internal to the wedge -such as the $7.5 km of burial and $10 km of exhumation documented here -in the absence of accretionary events followed by slab rollback [e.g., Collins, 2002] may require delamination as a geodynamic driver.
[48] Episodic delamination during continuous subduction provides an alternative mechanism to episodic slab rollback in explaining cyclic tectonic mode switches. Episodicity of this process is consistent with numerical simulations of the delamination process that suggest lithospheric mantle needs to be sufficiently softened by heat and/or by strain to lower the viscosity such that it can flow and participate in the developing mantle drip [Conrad and Molnar, 1999] . The availability of high density and low viscosity mantle sufficiently weak to flow leads to the concept of "available buoyancy" wherein mantle lithosphere may be thinned through successive cycles, each stripping the "available buoyancy" from the thickened mantle lithosphere [Conrad and Molnar, 1999] . Additionally, the delamination cycle is promoted by active plate convergence. Not only is shortening important in initially developing the instability, but active shortening accelerates growth of the instability [Molnar et al., 1998; Conrad, 2000] . Thus, synconvergent delamination is more probable than post-convergent delamination, and it can probably occur episodically during protracted plate convergence and mountain building.
Appendix A
[49] Whole rocks were crushed using a porcelain mortar and pestle at Northern Arizona University to disaggregate the garnet fragments from the matrix and to crush the garnet into smaller fragments. The resulting garnet fragments were handpicked under a binocular microscope to obtain fragments as free as possible of visible inclusions such as ilmenite and biotite. Six 200-250 mg fractions of visually clear garnet and $250 mg of bulk rock were selected for isotopic analysis. Garnet and whole rock separates were finely crushed at Washington State University using a diamonite ® mortar and pestle to $30 mm size prior to dissolution. Whole rock powders were digested in high-pressure Teflon bombs, and garnet separates were digested via hotplate dissolution in Savillex beakers. Samples were spiked with a mixed Hf ratios for geochronology. Chromatographic separation of Lu and Hf was performed using ion-exchange columns as outlined by Cheng et al. [2008] . The isotopic compositions of Lu and Hf were analyzed using the ThermoFinnigan Neptune MC-ICP-MS at Washington State University. Given the low concentration of Hf in samples from this study (typically <1 ppm), Hf samples were introduced as dry aerosols using an Aridus microconcentric desolvating nebulizer (Cetac Inc.) in order to provide more sensitivity for Hf analysis on the Neptune. The Hf sample solutions were concentration matched to external standard JMC 475 prior to analysis, and measured relative to this standard. Each individual analytical session was normalized to the accepted 176 Hf/ 177 Hf value of 0.282160 for JMC 475 [Vervoort and Blichert-Toft, 1999] . Data corrections for isobaric interferences and mass fractionation of Lu and Hf isotopes were performed as reported by Vervoort et al. [2004] .
